The invasive silver carp Hypophthalmichthys molitrix escaped from southern U.S. aquaculture 17 during the 1970s to spread throughout the Mississippi River basin and steadily moved northward, 18 now reaching the threshold of the Laurentian Great Lakes. The silver carp is native to eastern 19 Asia and is a large, prolific filter-feeder that decreases food availability for fisheries. The present 20 study evaluates its population genetic variability and differentiation across the introduced range 21 using 10 nuclear DNA microsatellite loci, sequences of two mitochondrial genes (cytochrome b 22 and cytochrome c oxidase subunit 1), and a nuclear gene (ribosomal protein S7 gene intron 1). 23
Invasion biology theory predicts that many introduced species would be characterized by low 55 genetic diversity due to founder effect, which is believed to limit their adaptive potential (9 -11). 56
Countering this, large numbers of introduced propagules and multiple introduction events and 57 sources may enhance the genetic diversity of invasions, with some actually possessing higher 58 levels than found in native regions [12] [13] [14] . For example, genetic studies of North American 59 Laurentian Great Lakes invasions resulting from ballast water introductions of the Eurasian zebra 60 mussel Dreissena polymorpha (Pallas, 1771), quagga mussel D. rostriformis (Deshayes, 1838) 61 [15, 16] , and round goby Neogobius melanostomus (Pallas, 1814) [5, [17] [18] [19] , all discerned 62 relatively high genetic diversities, along with significant population differentiation across their 63 introduced ranges. These results were attributed to large numbers of introduced propagules 64 stemming from multiple introduction events, which traced to several Eurasian sources. Such 65 cases of high genetic variability are believed to enhance the adaptive potential of invasions (see 66 [11] ). 67 the leading edge hypothesis at invasion front areas. We further analyze whether genetic 137 divergence and differentiation occurs across the invasive range, including at two primary 138 invasion front areas. We evaluate diversity at 10 nuclear microsatellite (µsat) loci and sequenced 139 two mitochondrial genes, for 922 base pairs (bp) of cytochrome b (cyt b) and ~600 bp of the 140 cytochrome oxidase subunit I (COI). We compare those sequences with nuclear DNA 141 sequencing variation from the single copy ribosomal protein S7 gene intron 1, and relate our 142 results to other genetic studies of silver carp and other invasions. 143 144 145
Materials and Methods

147
Sample collection 148
Tissue samples from silver carp individuals were collected by our laboratory members and/or by 149 federal agency, state agency, and university collaborators (see Acknowledgements) under state 150 or federal collection permits, using agency protocols and the University of Toledo IACUC 151 protocol #205400, "Genetic studies for fishery management" to CAS. Samples were collected 152 from 11 population areas ( Fig. 1, Table 1 ), representing much of the North American range of 153 silver carp. Bighead carp also were sampled, along with grass carp, black carp Mylopharyngodon 154 piceus, and common carp to provide comparative data from related species. Morphological 155 characters, including gill-raker structure, were used to distinguish silver carp from bighead carp 156 and discern possible hybrids (see [33] ). Samples were labeled, stored in 95% EtOH, and archived 157 at the NOAA Pacific Marine Environmental Laboratory. GeneScanä-500 LIZ ® size standard, and loaded into 96-well plates. Microsatellite products 179 were denatured for 2 min at 95˚C and analyzed on our ABI 3130xl Genetic Analyzer with 180
GeneMapper ® 4.0 software (ABI). Output profiles were checked manually to confirm allelic size 181 variants. 182
We aligned and analyzed 992 bp of sequence for the mtDNA cytb gene, which was 183 amplified using the primers Song-F (5'-GTGACTTGAAAAACCACCGTTG-3') [60] and H5 184 (5'-GAATTYTRGCTTTGG-GAG-3') [ We then used these assays to test for the possible cryptic presence of silver and bighead 238 carps and other related cyprinid species in retail bait shops and pond supply stores, as part of a 239 larger ongoing project. We evaluated water samples and live bait from 45 bait shops and 21 pond 240 stores located in the Lake Erie, Lake St. Clair, and Wabash River watersheds in 2016 and 2017. 241 Approximately two dozen bait fish were purchased from each bait shop, which were immediately 242 sacrificed in the parking lot using the University of Toledo IACUC procedure. The water 243 containing the fish was drained into a sterile container, placed on ice, and then frozen at -80°C in 244 the laboratory. We also sampled water from the pond stores, which variously sold plants, snails, 245 and fishes (primarily koi). We centrifuged 250 ml of the water from each shop at 4500 rpm and 246 4°C, for 45 min. The supernatant was poured off and the pellet, containing extra and intracellular 247 DNA and debris, was resuspended in 95% ethanol and stored at -20°C until DNA extraction 248 using Qiagen DNeasy kits. All bait and pond store sample extractions were amplified with the 249 two assays. Species detections were considered valid if they either occurred above the error rate 250 calculated from positive controls (see below) or if a species was discerned in both assays at any 251 proportion. 252
253
Microsatellite analyses 254
All loci were evaluated for linkage disequilibrium and conformance to Hardy-Weinberg 255 equilibrium expectations, using the Markov Chain Monte Carlo (MCMC) procedure with 10,000 256 dememorizations, 1,000 batches, and 10,000 iterations per batch in GENEPOP v4. comparisons with other studies. Since F-statistic estimates assume a normally distributed data set 278
[76] and may be influenced by sample size [80], we additionally conducted pairwise exact tests 279 of differentiation (χ 2 ) in GENEPOP, using MCMC chains of 10,000, 1000 batches, and 10,000 280 iterations. Probability values for both types of pairwise comparisons were adjusted using 281 sequential Bonferroni correction [69] . This correction is regarded as a very conservative 282 approach that may preclude elucidation of significance when sample sizes are low, leading to 283 type II error (i.e., falsely rejecting the null hypothesis of no significant difference between 284 samples [81] . Thus, we report significance values both after (**) as well as prior to (*) sequential 285
Bonferroni correction, so that results on the borderline can be discerned (which may have been 286 influenced by sample size limitations). 287
In addition, θST and exact tests of differentiation also were conducted to compare all 288 individuals possessing highly divergent mtDNA haplotype "H" (see Results) with 14 other 289 individuals, which included all other haplotypes (e.g., "A-G"). The purpose was to determine 290 whether the nuclear DNA of those individuals also was genetically divergent using 291 microsatellites. Those individuals also were sequenced for the nuclear S7 gene intron. 292
Population relationships from microsatellite variation were visualized using three-293 dimensional factorial correspondence analysis (3D-FCA) [ 
Microsatellite diversity, divergence, and population structure 345
Results showed no linkage disequilibrium, null alleles, or selection. A single locus (Hmo-B4) 346 that did not conform to Hardy-Weinberg equilibrium expectations was removed from further 347 analyses. There were no differences in genetic diversity and θST values when population samples 348 were pooled regionally (e.g., all samples from the Lower Mississippi together, N=60) versus 349 separately for individual sampling locations (Table 2; Fig. 1 ). Thus, results are presented with 350 regional pooling to increase sample size and better represent overall geographic patterns across 351 the range. Four pairs of full siblings were identified from the COLONY analyses for silver carp, 352 whose inclusion or exclusion did not significantly alter θST; thus, the complete data are 353 presented. One individual from three of the pairs was collected in the Illinois River, and both 354 individuals of the fourth pair occurred in the Illinois River. Of the three located in separate 355 populations, the other sibling was found in the Lower Mississippi River, the Upper Mississippi 356 River, and the Missouri River, respectively. This indicates high dispersal of full siblings. 357 A total of 70 microsatellite alleles were discerned for silver carp (Table 2) constituting 21% of the overall alleles (Table 2) . Of these, the Illinois River invasion front 367 possessed the most (seven, totaling 12% of its alleles), followed by the Lower Mississippi River 368 (four at 7%), and the Wabash River (three at 5%). 369
Significant genetic divergences distinguished between all but two pairs of populations, 370 assessed with the exact tests (Table 3 ). The two exceptions were similarities between the Upper 371 Mississippi River versus the Missouri and Illinois river populations. Analyses using qST 372 divergences revealed two significant differences after sequential Bonferroni correction, between 373 the Lower Mississippi River population versus the Missouri and the Illinois Rivers (FST=0.012 374 and 0.007, respectively). All other comparisons were on the borderline (were significant prior to 375 correction, but not after). Divergence between the two invasion front populations, Illinois and 376 Wabash Rivers, was significant in all types of analyses (FST=0.009, p<0.02, and exact test 377 p<0.001; Table 3C ). 378
The 3-d FCA (Fig. 2 ) explained 88.54% of the data, distinguishing among all of the 379 populations (Table 3 ). All populations appeared widely separated, with the greatest distinctions 380 appearing for the Upper Mississippi, Illinois, and Wabash Rivers. STRUCTURE and 381 STRUCTURE HARVESTER yielded the greatest support for K=2 population groups (not 382 shown), for which distribution plots were uninformative (i.e., all individuals and samples showed 383 mixed assignment to both hypothetical genetic groups). GENECLASS2 results for the entire data 384 set also discerned overall mixed assignments. However, the GENECLASS2 assignment test 385 between the two invasion front populations, the Illinois versus the Wabash rivers, indicated that 386 62% and 98% of their individuals respectively self-assigned. Individuals from the Wabash River 387 population thus showed very high self-assignment. 388 389
Mitochondrial and nuclear DNA sequence haplotypes 390
In total, we analyzed 238 cytb sequences (including 252 COI, and 230 concatenated mtDNA 391 COI and cytb sequences) for silver carp (Table 1) . Accession numbers for sequences mined from 392
GenBank are shown in the Supplementary Table S1 . The cytb dataset contained eight silver carp 393 haplotypes in North America, which are lettered A-G ( Fig. 3 ). Overall, 10 silver carp cytb 394 haplotypes are known, which included two others from GenBank (Accession #AB198974, 395 lettered "R" from the Black River in Russia and #AF051866, lettered "Q" from the Yangtze 396 River in China). Their genetic relationships to the other cytb haplotypes are depicted in Fig. 4A . 397
Those two haplotypes were not included in our COI or concatenated datasets, which then 398 numbered four and eight haplotypes respectively ( Fig. 4B ). New and unique haplotypes 399 discerned in our study were deposited in GenBank (cytb:XXXX-XXXX and COI:XXXX-400 XXXX, S1 Table and Table 4 ). The remaining results are focused on the concatenated dataset. 401
Eight silver carp mtDNA concatenated haplotypes were identified in our North American 402 samples ( Fig. 3 , Tables 2 and 4-5), with the most (seven) occurring in the Lower Mississippi 403
River population (only "F" was not found in that population). The samples were overwhelmingly 404 dominated by the common haplotypes "A" and "B" (Fig. 3 ), which together comprised over 90% 405 of the samples. Haplotype "B" was less abundant at the Missouri River location than in the other 406 populations. All populations contained haplotypes "A" and "B", and all but the Illinois River 407 also contained rarer haplotype "H". Haplotypes "C", "D", and "E" were found only in the Lower 408 Mississippi River population. Haplotypes "C", "D", and "E" were singletons, which evolutionary 409 analysis depicted as most closely related to common haplotype "A" (Figs. 4 and 5A). (Table 4) . 417
Haplotypic diversity across all of our samples was 0.55, being highest in the Lower 418
Mississippi River population (0.60±0.05), followed by the Upper Mississippi River, and lowest 419 in the Missouri River (0.46±0.09); these values did not significantly vary ( Table 2 ). The two 420 most common haplotypes, "A" and "B", occurred throughout all of the populations (Fig. 3) and 421 were distinguished by a single nucleotide ( Table 5 , Fig. 4 ). Most of the remaining silver carp 422 haplotypes differed by one to six nucleotide steps from haplotype "A", with the exception of "H" 423 (whose divergence was much greater; Fig. 4 ). Haplotypes exclusively found outside of North 424 America, cytb-"R" and cytb-"Q", were closest in sequence to our rare "F" and "G" haplotypes, 425 differing by five to nine steps from haplotype "A" (Fig. 4) . 426
The haplotype networks revealed a distinctly divergent haplotype "H", which occurred in 427 all populations except for the Illinois River, and was more than 44 sequence steps from the 428 closest silver carp haplotype and 74 steps from the bighead carp (Figs. 3-4, Table 5 ). The 429
Bayesian evolutionary trees ( Fig. 5 ) showed strong support for the respective silver carp and 430 bighead carp clades, which each had posterior probabilities of 1.00. The "H" haplotype was 431 placed as a basal branch outside of the silver carp clade, with 1.00 posterior probability support 432 ( Fig. 5A ). 433
Analyses of the nuclear S7 sequences revealed 21 "fixed" nucleotide differences between 434 the silver and bighead carp species (Fig. 5B ). Individuals having the "H" mtDNA haplotype did 435 not vary from other silver carp in their S7 intron sequences, and lacked a common genotype or 436 pattern. Many of them shared identical sequences for the nuclear S7 intron with other "H" 437 individuals and other silver carp haplotypes, while others differed in their S7 sequences alone 438 (Table S2 ). For example, 12 individuals possessed the same S7-"1" sequence, including four 439 having mtDNA haplotype "H", two with haplotype "A", and one each with haplotypes "B-G". 440
Individuals that possessed sequences S7-"2" and -"3" each contained one individual of haplotype 441 "A", whereas three individuals with S7-"4" had haplotype "B". A silver carp having the S7-"5" 442 sequence contained haplotype "G", and one with the S7-"6" sequence had haplotype "H" (Table  443   S2 Bay region belonged to silver carp, based on assay one results. Amplification of the 459 sample for assay two was lower than its cutoff, but its detection was deemed valid 460 according to our study's detection criteria, due to the large proportion of positive reads 461 from assay one. In the shop from the Maumee Bay region, 0.02% of the reads from 462 assay one were identified as silver carp, and for assay two, 13.85% of the reads 463 matched silver carp haplotype B and 0.052% were identified as a "new" (previously 464 unknown) haplotype (Table S3 ). NTCs did not amplify and no silver carp detections 465 occurred in positive controls or in the 43 other bait shop samples. For this reason and 466 because silver carp DNA was identified using two separate assays from libraries 467 sequenced on two different MiSeq runs, it is highly unlikely this positive detection was 468 the result of contamination. The bait shops in this region sometimes sold bait fishes 469 that were obtained from sources in the south in the Mississippi River system, where 470 silver carp are resident. 471
We also discerned silver carp in water samples from two pond supply stores sampled in 472 2017, which were both located in the Lake St. Clair watershed. Both assays were positive for 473 both stores, and both stores contained silver carp of haplotype "B". In addition, one of the stores 474 also contained eDNA of bighead carp, which also was confirmed with both assays. 
Genetic divergence patterns and population relationships 565
Significant population genetic differentiation sometimes occurs across the range of invasive 566 species, attributed to high diversity and multiple founding sources, including the round goby 567
[19], whose population patterns then have remained stable over 25 years [5] . The Eurasian ruffe 568 exhibited population divergence across its invasive range in the upper Great Lakes, revealing 569 barriers to gene flow; these population differences have been maintained across the 30 years of 570 the invasion [6] . In contrast, the genetic composition of the introduced zebra mussel [15, 16] has 571 changed over the invasional time period of three decades in the Hudson River, experiencing 572 several population turn-overs and recolonizations, yet has remained consistent in Lake Erie 573 during this period [106] . In comparison, some invasions possess little population genetic 574 structure across their ranges. For example, the Virginia warbler Oreothlypis virginiae, which 575 recently colonized the Black Hills of South Dakota, showed lack of differentiation across its 576 range, implicating high gene flow and dispersal [107] . 577
In the present study, the silver carp displays modest levels of inter-population 578 divergences across its invasive North American range, with most of the exact tests of population 579 differentiation being significant. Population differentiation is more pronounced for the southern 580 study's haplotype network suggested that the two highest frequency North American haplotypes 593 found in our study likely traced to the Amur and/or Yangtze Rivers. We compared our sequences 594 from the invasive range to those from the native range in the Yangtze River (cyt b haplotype 595 "Q") and from an introduction to the Black River in Russia ("R"), whose sequences were closest 596 to our rare "F" and "G" haplotypes. Haplotypes "A" and "B" occurred at the highest frequencies 597 in our study, and in similar proportions at most locations, with "A" being more common in the 598 Wabash River invasion front and the Missouri River population, and "B" being more prevent at 599 the Illinois River invasion front. Our "A" and "B" haploytpes likely correspond to the most 600 common haplotypes noted by Li et al. 2011 [96] , but since their sequences were not deposited in 601
GenBank or in other publicly-available data bases, are not provided in their paper, and the 602 authors have not responded to requests from us to provide them, this cannot be verified. 603
The singleton haplotypes "C", "D", and "E" discerned in our analysis, all occurred in the 604 Lower Mississippi River population, and "F" was from the Upper Mississippi River. Individuals 605 from the invasive front populations (Illinois and Wabash Rivers) were dominated by the two 606 common haplotypes, except for one individual from the Illinois River that shared the "G" we identified that just a single individual had bighead carp mtDNA, either due to 654 misidentification or hybridization. There are 73 bp changes separating haplotype "H" from the 655 most similar bighead carp cyt b sequence. The silver carp haplotype "Q", which is most similar 656 to our "H", diverges from it by 37 bp; therefore, it is highly unlikely that haplotype "H" was the 657 result of hybridization with bighead carp. Given our objective to describe the mtDNA 658 phylogeographic pattern of silver carp in the invasive range, it may be important to consider how 659 the interaction between the two species may influence that pattern in the future. It is possible that 660 the initial and ongoing hybridization acted to enhance invasive success by alleviating some of the 661 small loss of additive genetic variation experienced with the founding events. 662 663 eDNA detection in retail trade 664
We did not physically find silver carp in any of the 45 bait shops or the 22 pond supply stores 665 surveyed, based on morphological sampling. However, we discovered eDNA in the tanks of two 666 bait shops and two pond supply retailers, where silver carp likely were present at low densities. 667
In addition, eDNA of bighead carp was identified from one of those pond supply stores. Our 668 eDNA findings highlight the probability that silver and bighead carps are prevalent in the retail 669 trade in the Great Lakes watershed, where they likely blend in with other "minnows" for sale as 670 bait. Releases from bait and pond stores may comprise an important vector for their introduction. 671
The eDNA HTS assays to detect their presence, as well as others in development by our 672 laboratory, identify invasive carps in water samples to species and also discern their population 673 structure. Other published assays that detect invasive carps have relied on qPCR [111], cannot 674 differentiate haplotypes, and therefore do not provide any information on genetic diversity within 675 or among populations. The "new" haplotype found here was not recovered in our traditional 676 Sanger sequencing of silver carp from throughout its invasive range and is not referenced in 677
GenBank. Despite our use of a de-noising algorithm and error cutoffs calculated using positive 678 controls, this previously undetected haplotype might have stemmed from sequencing error 679 introduced from the Illumina MiSeq platform, possibly originating from haplotype "B". Further 680 refining of bioinformatic pipelines and the use of PCR replicates could improve confidence in 681 the presence or absence of rare "new" haplotypes discovered with eDNA assays. 682
Our diagnostic HTS assays have potential widespread use in screening of fish sold by bait 683 and pond store retailers, as well as in water and ichthyoplankton samples from the environment. 684
The latter will allow early identification of eggs and larvae to species, which are presently 685 impossible to morphologically discern. Moreover, screening plankton samples using these 686 markers will allow relative species proportions to be evaluated, as well as yield population 687 genetic variability statistics (see [106] ) for ecological comparisons. 688 689 690
Conclusions 691
The present investigation resolved phylogeographic and genetic diversity patterns across the 692 invasive native range of silver carp, significantly advancing from prior knowledge using larger 693 sample sizes and a combined population genetic approach. We discerned relatively high levels of 694 genetic diversity across its invasive North American range, including at the fronts leading to the 695 Great Lakes. The latter refuted the leading edge hypothesis for the silver carp, indicating that the 696 invasion has maintained high numbers of diverse individuals in colonizing areas. This also was 697 supported by the occurrence of widely-dispersed full siblings. We discovered a widespread and 698 highly differentiated ancient mtDNA haplotype, which likely originated from historic 699 introgression with the largescale silver carp in Asia, predating the North American introduction. 700
The introgressed individuals do not differ from silver carp in nuclear DNA microsatellites or 701 gene sequences, suggesting that female silver carp reproduced with male largescale silver carp. 702
There is great interest in preventing entry of silver carp into the Great Lakes system with 703 man-made barriers and the use of genetic tools to detect them at the leading edges or in other 704 possible introduction vectors. Our finding of eDNA from silver carp in two bait stores in the 705 Lake Erie watershed points to another likely vector for introduction, as the bait stores often 706 source bait from southern states in the Mississippi River watershed, where silver carp are well-707 established. 708
Most other eDNA detection approaches are based on quantitative PCR (qPCR) analyses 709 for detecting presence or absence of a given single target species. Our eDNA assay is designed to 710 discern and detect multiple divergent haplotypes, including the introgressed haplotype "H", as 711 well as distinguish among related cyprinid species. It can be used on water samples or with 712 ichthyoplankton tows, which will yield abundant population genetic information. At early life 713 stages, there are few or no characters to distinguish among these cyprinid species. The ability to 714 track shifts in species composition and population genetic variation, rather than just single 715 species presence or absence using eDNA techniques may enhance our understanding of how 716 invasive carps have been so successful in colonizing new areas. If silver carp spread into the 717 Great Lakes via natural dispersal, populations likely will possess high genetic diversity, yet may 718 subtly vary in genetic composition, allowing tracking. The fact that the two invasive fronts 719 analyzed here differ in genetic composition, as well as from the longer-established core area of 720 the lower Mississippi River, shows the influence of genetic drift and possibly adaptation. 721 Elucidating these genetic patterns will significantly increase ecological understanding of the 722 relative successes and adaptations of invasions, and aid the rapid identification of new 723 populations and range areas. 724
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